A dynamic model for a solid oxide fuel cell power plant has been constructed. The concept of a feasible operating area for a solid oxide fuel-cell power plant is introduced by establishing the relationship between the stack terminal voltage, fuel utilization, and stack current. By controlling the input hydrogen fuel in proportion to the stack current, constant utilization control can be accomplished. The effectiveness of the proposed schemes is illustrated through simulation.
B. Characterization of the exhausts of the channels
In a typical fuel cell, gaseous fuels are fed continuously to the anode (negative electrode) and an oxidant (i.e., oxygen from air) is fed continuously to the cathode (positive electrode); the electrochemical reactions take place at the electrodes to produce [12] . The basic reactions at the two electrodes of a SOFC can be described as : At the anode of an acid electrolyte fuel cell, the hydrogen gas ionizes, releasing electrons and creating H + ions (or protons).
This reaction releases energy. At the cathode, oxygen reacts with electrons taken from the electrode, and H + ions from the electrolyte, to form water. O 2 + 4e
According to [9] , an orifice that can be considered choked, when fed with a mixture of gases of average molar mass M (kg/kmol) and similar specific heat ratios, at a constant temperature, meets the following characteristic:
Where W is the mass flow (kg/sec); K is the valve constant, mainly depending on the area of the orifice; p u is the pressure upstream (inside the channel) [atm] . For the particular case of the anode, the concept of fuel utilization U f can be introduced, as the ratio between the fuel flow that reacts and the fuel flow injected to the stack. U f is also a way to express the water molar fraction at the exhaust. According to this definition equations (1) and (2) can be written as:
Where, W an is the mass flow through the anode valve [kg/sec]; K an is the anode valve constant; M H2 , M H20 are the molecular masses of hydrogen and water, respectively [kg/kmol]; p an is the pressure inside the anode channel [atm] . If it could be considered that the molar flow of any gas through the valve is proportional to its partial pressure inside the channel, according to the expressions: 
C. Calculation of the partial pressures
Every individual gas will be considered separately, and the perfect gas equation will be applied to it. Hydrogen will be considered as an example.
Where, v an is the volume of the anode [9] ; n H2 is the number of hydrogen moles in the anode channel; R is the universal gas constant [atm/(kmol.K)]; T is the absolute temperature [K] . It is possible to isolate the pressure and to take the time derivative of the previous expression, obtaining: 2 2 H an
Where, q H2 is the time derivative of n H2 , and represents the hydrogen molar flow [kmol/sec]. There are three relevant contributions to the hydrogen molar flow: the input flow, the flow that takes part in the reaction and the output flow, thus: 
Replacing the output flow by (5), taking the Laplace transform of both sides and isolating the hydrogen partial pressure, yields the following expression: (13) where, τ H2 expressed in seconds, is the value of hydrogen flow response time. A similar operation can be made for all the reactants and products as below
In order to prevent damage to the electrolyte, the fuel cell pressure difference between the hydrogen and oxygen passing through the anode and cathode gas compartments should be below 4 kPa under normal operation and 8 kPa under transient conditions [9] . The overall fuel cell reaction is given in (1) and (2), so, the stoichiometric ratio of hydrogen to oxygen is 2 to 1. Oxygen excess is always taken in to let hydrogen react with oxygen more completely. Simulation in our fuel cell system shows that r H-O should be kept around 
Figure (1): SOFC dynamic model
It can be seen from this figure that the hydrogen and oxygen molar flows with the ratio r H-O are sent to the FC stack where the reactions described by (1) and (2) occur. The partial pressures of the three reactants are generated as the outputs of three first-order transfer functions where K H2 , K O2 , and K H2O are the valve molar constants and τ H2 , τ O2 , and τ H2O are the respective temperature-dependent time constants for hydrogen, oxygen, and water, respectively. Typical values of the time-constants are of the order of 3 to 80 second. The production of internal EMF by number of cells in series (No) is represented by the block with the Nernst equation given in (16). Furthermore, there are three types of losses in the generated EMF, namely, the ohmic loss due to the resistance to the flow of ions and electrons, the activation loss due to sluggish electrode kinetics, and the concentration loss due to the concentration gradient formed at the electrodes [13] . The activation loss is dominant during very low stack currents and the concentration loss is dominant at very high stack currents. The ohmic loss occurs at all levels of currents. Therefore, this study also assumes that T is constant. This operation with relatively constant temperature also places a lower limit on the FC output power [14] . The stack voltage V fc is the actual voltage available at the terminals after considering the losses. The current drawn from the stack I fc acts as a feedback to adjust the partial pressures of the reactants according to the reaction rate.
E. Power Conditioning Unit
Unless the load supplied by the FC plant is of dc type, the power generated by the FC stack invariably has to be converted to ac form by using a power-conditioning unit (PCU). Since the FC terminal voltage varies with the supplied current and the loads are normally designed to operate under constant voltage, the PCU need not only transform
Proceedings of the 9 th ICEENG Conference, 27-29 May, 2014 EE033 -1 dc to ac but should also possess voltage controllability. This can be readily achieved by using a pulse width-modulation (PWM). If the FC voltage varies in a large range or the inverter does not possess sufficient voltage controllability, a dc/dc converter is also needed in between the FC terminals and the inverter [15] . In conjunction with the PCU, the primary objective of having the capacitor C in between the FC stack and the PCU is to filter out the harmonic components generated by the PCU as shown in Figure (2) . Since the PCU keeps the load voltage constant despite changes in FC terminal voltage, a change in real power demand of the ac load appears as a change in dc load current at the FC terminals. Thus, the ac load can be modeled as a variable resistor for the purpose of analyzing the system behavior
3.Simulation Results and Discussion
The example in this section is used to illustrate how the control system of an SOFC power plant can be designed to track the variations of load. The example is made on the data given shown in Table ( 1). The simulation is performed using MATLAB/SIMULINK. At initial condition the FC is operating at its rated operation point. In the following illustration, the load resistance has the following variation. The resistive load is adjusted for 25KW and still constant until the simulation time reaches five seconds, then the load is resistive load is increased to 40KW. The load voltage is 575Vrms. The controller is designed to adjust constant load voltage under load change. A boost converter is used and controlled to give average voltage of 850V under FC voltage change. (12) show Hydrogen and Oxygen partial pressure variation with time respectively. As current drawn from fuel cell increases Hydrogen and Oxygen partial pressure will decrease as more Hydrogen and Oxygen will consumed in the chemical reaction, when the current drawn tends to be constant the partial pressure will increase. The opposite action will appear in Water partial pressure variation as shown in Figure (13 ).
Conclusion
A simplified SOFC dynamic model is derived and it is used to study the FC loadtracking capability in an isolated power system. The concept of FOA is introduced in which it becomes a simple tool to assess the possible operating regime of the FC. Power conditioning unit control system keeps constant load voltage under load power variation.
